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INTRODUCTION 

Coal  l i q u i d s  d e r i v e d  from s o l v e n t  r e f i n e d  p r o c e s s e s  a r e  complex mixtures of 
w i d e l y  d i f f e r i n g  compounds w i t h  a h i g h  p r o p o r t i o n  of nonpolar  a r o m a t i c  compounds. 
The remainder  is made up of p o l a r  compounds. A :.::owledge of t h e s e  compounds i s  of 
importance f o r  upgrading  c o a l  l i q u i d s  and producing u s e f u l  chemica ls .  

Computer -ass i s ted  Nuclear  Magnetic Resonance and I n f r a r e d  Spectroscopy have 
opened up new p o s s i b i l i t i e s  f o r  a f a i r l y  d e t a i l e d  c h a r a c t e r i z a t i o n  of c o a l  l i q u i d s .  
The p r e s e n t  t r e n d  has  been to  depend more on 13C NMR spectrum which i s  o f t e n  
conges ted  w i t h  m u l t i p l e  s i g n a l s .  Direct o b s e r v a t i o n  o f  '%  and 1 5 N  nuclei  and 
d e r i v i t i z a t i o n  of c o a l  l i q u i d s  to s i l i c o n  and f l u o r i n e  d e r i v a t i v e s  followed by the  
o b s e r v a t i o n  o n  29Si and 19F n u c l e i  a r e  on t h e  hor izon .  The r e s u l t s  of s p e c t r o s c o p i c  
t e c h n i q u e s ,  d e s p i t e  their s o p h i s t i c a t i o n ,  is  of l i t t l e  va lue  u n l e s s  a s s i s t e d  by 
chromatographic  methods c a p a b l e  of s e p a r a t i n g  c o a l  l i q u i d s  i n t o  f r a c t i o n s  t h a t  d i f f e r  
a c c o r d i n g  t o  t h e i r  chemica l  f u n c t i o n a l i t y .  

S e v e r a l  chromatogra h i c  s e p a r a t i o n  schemes a r e  d e s c r i b e d  i n  l i t e r a t u r e  
i n c l u d i n g  SARA(1) and SESC.(& I n  t h e  l a t t e r  technique  t h e  c o a l  l i q u i d  is e l u t e d  
from s i l i c a  g e l  a s  t h e  s t a t i o n a r y  phase  w i t h  a sequence of s o l v e n t s .  we have 
expanded upon t h e  a n a l y s i s  of combining SESC and s p e c t r o s c o p i c  techniques .  P a i n t e r  
and Coleman(3) have examined t h e  I R  s p e c t r a  of f r a c t i o n s  of whole coa l  l i q u i d  
o b t a i n e d  by SESC. However, more d e t a i l e d  s t r u c t u r a l  i n f o r m a t i o n  can be obtained when 
t h e  whole c o a l  l i q u i d  i s  f i r s t  s e p a r a t e d  i n t o  l i g h t ,  middle and heavy d i s t i l l a t e  and 
bot toms fo l lowed by SESC s e p a r a t i o n  and s p e c t r o s c o p i c  a n a l y s i s .  We have taken t h i s  
approach ,  and t h e  r e s u l t s  on middle  and heavy d i s t i l l a t e  c u t s  a r e  r e p o r t e d  here .  

EXPERIMENTAL 

The c o a l  l i q u i d  used i n  this work was from the  Ft. Lewis SRC-I1 f a c i l i t y  
(Tacoma, W A ) .  The nominal  run c o n d i t i o n s  w i t h  Powhatan No.  5 c o a l  were 455'C, a 
s p a c e  time of 60 min, and a hydrogen p r e s s u r e  of 1250 p s i .  The d i s t i l l a t e  y i e l d  
(C5-9000F) w a s  a b o u t  40%, and t h e  c o n v e r s i o n  of o r g a n i c  m a t t e r  to  p y r i d i n e  s o l u b l e s  
a b o u t  95%. The l i q u i d  was d i s t i l l e d  i n t o  l i g h t  d i s t i l l a t e  (C5-3800F), middle d i s t i l -  
l a t e  (380-550°F), heavy d i s t i l l a t e  (550-9OO0F), and r e s i d u e  (>900°F) .  Fur ther  
s e p a r a t i o n  of t h e s e  f r a c t i o n s  was by u s i n g  F1sher .S-662 s i l i c a  g e l  of 60- 
200 mesh. 

The 13C NMR s p e c t r a  of t h e  f r a c t i o n s  were recorded on a Varian FT-80A 
s p e c t r o m e t e r .  ' The s o l v e n t ,  COC13,, w a s  used as a f i e l d - f r e q u e n c y  lock ,  and chemical  
s h i f t s  a r e  i n  ppm downf ie ld  from i n t e r n a l  "MS. S p e c t r a  of some of t h e  f r a c t i o n s  were 
o b t a i n e d  with C r (  111) a c e t y l a c e  t o n a t e  and by s u p p r e s s i n g  n u c l e a r  Overhausser 
enhancement. I n f r a r e d  s p e c t r a  were r e c o r d e d  on  a N i c o l e t  Model 7199 Four ie r  
t r a n s f o r m  s p e c t r o m e t e r .  Each spec t rum was o b t a i n e d  by t h e  co-addi t ion  of 
100 i n t e r f e r o g r a m s  a t  2 cm-l r e s o l u t i o n  and as t h i n  f i l m s  between KBr windows. 

RESULTS AND DISCUSSION 

The r e l a t i v e  q u a n t i t i e s  of t h e  middle and heavy d i s t i l l a t e  ( M D ,  HD) 
f r a c t i o n s  are g iven  i n  T a b l e  I a l o n g  w i t h  the  e l e m e n t a l  a n a l y s i s  of t h e  f i r s t  four HD 
f r a c t i o n s .  The 13C NMR and FTIR s p e c t r a  of i n d i v i d u a l  f r a c t i o n s  a r e  examined i n  t h e  
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f o l l o w i n g  s e c t i o n s  to d e m o n s t r a t e  t h e  e f f e c t i v e n e s s  of  combining t h e s e  two 
sPectrOsCoP’c techniques  w i t h  chromatographic  s e p a r a t i o n .  

F r a c t i o n  1MD (50.5% of Middle D i s t i l l a t e )  

I The 13C NMR and FTIR s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  1 and 2 
r e s p e c t i v e l y .  Aromatic r i n g  C-C v i b r a t i o n s  r e s u l t  i n  IR a b s o r p t i o n s  near  1600 cm- 
and 1500 cm-’. The r e l a t i v e  i n t e n s i t y  of t h e  former depends on t h e  n a t u r e  of s u b s t i -  
t u t i o n  on the  r i n g .  Here, t h e  1600 cm-l band is  of low i n t e n s i t y  ( v i d e  i n f r a )  and 
t h e  i n d i c a t i n g  that t h i s  f r a c t i o n  i s  composed of  nonpqlar  
aroma t i c  Compounds. 

3300 cm-’ r e g i o n  i s  f l a t ,  

C e r t a i n  f e a t u r e s  of the carbon spec t rum,  i n  p a r t i c u l a r  m u l t i p l e  s i g n a l s  
between 124.0-127.0 ppm, among which t h e  s i g n a l  a t  125.7 ?pm be ing  most i n t e n s e ,  
s u g g e s t  t h a t  naphtha lene  and a l k y l  n a p h t h a l e n e s  a r e  t h e  doininant nonpolar  compounds. 
The s i g n a l s  due to q u a t e r n a r y  carbons  a r e  i n  t h e  132.0-137.0 reg ion  wi th  a prominent  
s i g n a l  a t  135.1 pprn. The s h i e l d i n g  of br idgehead  or methyl-bear ing carbon atoms i n  
1 ,8-dimethyl ,  2 ,3-dimethyl ,  and 2-methyl n a p h t h a l e n e s  i s  135.2 or 135.4 ppm.(4)  
T h e r e f o r e ,  a s u b s t i t u t i o n  p a t t e r n  is e s t a b l i s h e d  by t h e  s i g n a l  a t  135.1 ppm and the  
I R  spectrum is i n  agreement  w i t h  t h i s  p a t t e r n .  Out-of-plane hydrogen v i b r a t i o n a l  
f r e q u e n c i e s  i n  a l k y l b e n z e n e s  i n  t h e  900-670 cm-’ r e g i o n  c o r r e l a t e s  w e l l  w i t h  the  
number of a d j a c e n t  h drogen atoms i n  t h e  r i n g ,  and t h i s  c o r r e l a t i o n  is a l s o  a p p l i c -  
a b l e  to  naphthalene.r5)  Bands a t  735 ern-', 780 cm-’, and 805 cm-’ can  be a s s i g n e d  to 
4, 3, and 2-adjacent  hydrogen wagging v i b r a t i o n s .  The s i g n a l s  a t  25.6 ppm, 21.5 ppm, 
and 19.2 ppm i n  t h e  carbon spec t rum a r e  due to  methyl  c a r b o n s  i n  l,E-DIMeN, 2 - M e N ,  
and 1-MeN,  r e s p e c t i v e l y . ( 4 )  

The s i g n a l s  a t  14.0, 22.0, 29.0, and 32.0 pprn a r e  due to  s h o r t - c h a i n  
a l k a n e s .  The s i g n a l  a t  14.2 ppm is  d e f i n i t e l y  a d o u b l e t ,  and t h e  l e s s  i n t e n s e  of t h e  
d o u b l e t  a long with t h e  s i g n a l  a t  20.9 ppm c o u l d  be a s s i g n e d  to methyl  c a r b o n s  i n  
lI2-dimethy1naphthalene. T e t r a l i n  and homologs of t e t r a l i n  a r e  a l s o  p o s s i b l e ,  
account ing  f o r  s i g n a l s  n e a r  29.0 pprn and 23.0 ppm.(6) 

F r a c t i o n  2MD (3.0% of Middle D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  3 
and 4, r e s p e c t i v e l y .  T h i s  f r a c t i o n ,  has  a v e r y  low p o p u l a t i o n  of sp3  carbons .  , I n  
a d d i t i o n ,  the  carbon spec t rum has  a s i g n a l  a t  118.9 ppm, s u g g e s t i n g  a s t r u c t u r e  w i t h  
carbon atoms i n  the v i c i n i t y  of an oxygen n u c l e i .  S i n c e  t h e  I R  spectrum has  no 
ev idence  f o r  p h e n o l i c  compounds, a r o m a t i c  e t h e r  is a p o s s i b i l i t y .  The s i g n a l s  a t  
118.9, 123.1, 129.7, and 157.3 ppm and t h e i r  r e l a t i v e  i n t e n s i t i e s  favor  d i p h e n y l  
e t h e r .  The o t h e r  s i g n a l s  a t  141.2, 128.7, 127.2, and 127.1 ppm have been a s s i g n e d  t o  
b iphenyl .  About 62% of t h i s  f r a c t i o n  is d i p h e n y l  e t h e r  and the b a l a n c e  i s  
b iphenyl .  

The s i g n a l s  i n  t h e  I R  spec t rum a l s o  s u p p o r t  the  presence  of d i p h e n y l  e t h e r  
and a h igh  a r o m a t i c i t y  of t h e  f r a c t i o n .  The i n t e n s e  s i g n a l  a t  1238 cm-’ is due t o  
asymmetr ic  4 - 0 - C -  s t r e t c h .  I n  a r o m a t i c  e t h e r s ,  the  C-0 bond has  double  bond c h a r a c -  
t e r  due t o  resonance  and,  t h e r e f o r e ,  h i g h e r  f o r c e  c o n s t a n t  than  a l i p h a t i c  C-0 
bond. (5)  The s i g n a l  due to  the e t h e r  l i n k a g e ,  t h e r e f o r e ,  a p p e a r s  about  200 cm-’ 
h i g h e r  than i n  a l i p h a t i c  e t h e r s .  Other  f e a t u r e s  of t h e  I R  spectrum are i n  agreement  
w i t h  the low p o p u l a t i o n  of sp3  carbons .  

F r a c t i o n  3MD (8.7% of Middle D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  5 
and 6, r e s p e c t i v e l y .  The I R  spec t rum h a s  a broad a b s o r p t i o n  due t o  hydroxyl  
s t r e t c h i n g  near  3300 cm-l w i t h  a narrower band a t  3409 cm-‘. They a r e  due t o  f r e e  
and hydrogen-bonded N H  groups  and hy,:cogen-bonded p h e n o l i c  hydroxyl  groups.  
T h e r e f o r e  t h i s  f r a c t i o n  has  p h e n o l i c  and p y r r o l e - t y p  compounds. 
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made 
l i t e  

TO unders tand  the s p e c t r a  of t h i s  and the subsequent  f r a c t i o n ,  re ference  is 
of carbon and I R  s p e c t r a  of a l k y l  phenols  and i n d o l e s  a v a i l a b l e  in 

The s h i e l d i n g  of carbon n u c l e i  i n  phenols  b e a r i n g  t h e  -OH group e x t e n d s ,  
from 155.0-152.0 ppm, and t h e  e x a c t  l o c a t i o n  depends on the p o s i t i o n  Of the methyl 
s u b s t i t u t i o n .  The carbon spec t rum of  this f r a c t i o n  h a s  s i g n a l s  i n  the  153.5- 
151.0 ppm r a n g e ,  s u g g e s t i n g  t h e  p r e s e n c e  of 2-, 2 ,s- ,  and 4-methylphenols. S i g n a l s  , 
around 15.5 and ’5.2 ppm s u p p o r t  t h i s  c o n c l u s i o n .  A s t r o n g  band a t  752 Cm-’ i n  t h e  
I R  spectrum can be c o r r e l a t e d  w i t h  t h e  v i b r a t i o n s  of four a d j a c e n t  Unsubs t i tu ted  
a r o m a t i c  H atoms. The band a t  805 cm-’  c o r r e l a t e s  w i t h  two a d j a c e n t  hydrogen wag or  
4-methylphenol. 

Other  t e s  of compounds t h a t  can be expec ted  i n  this f r a c t i o n  a r e  i n d o l e s  
and benzofurans .  (% The s h i e l d i n g  o€ q u a t e r n a r y  carbons  i n  benzofuran  and methyl- 
benzofurans  a r e  i n  t h e  155.0-154.0 ppm range.  Here this r e g i o n  has  no absorp t ions .  
Moreover, f u r a n s  and a r y l e t h e r s  i n  our  exper iments  a r e  e l u t e d  a long  w i t h  nonpolar  
a romat ics .  S e v e r a l  f e a t u r e s  of  t h e  carbon spec t rum a g r e e  w e l l  w i t h  indole  and 
m e t h y l i n d o l e s .  P a r t  of  t h e  a r o m a t i c  r e g i o n  of the  carbon spectrum can be d i v i d e d ,  
i n t o  f i v e  r e g i o n s :  ( 1 )  130.0-126.9 ppm, ( 2 )  124.2-119.6 ppm, ( 3 )  116.6-113.5 ppm, 
( 4 )  111.1-108.7 ppm, and ( 5 )  103.0-100.3 ppm. Many of t h e  s i g n . i l s  i n  these f i v e  
r e g i o n s  a r e  due to  i n d o l e s .  The s i g n a l s  i n  t h e  f o u r t h  and t h e  f i f t h  reg ions  a r e  
p a r t i c u l a r l y  d i a g n o s t i c  of i n d o l e s .  They a r e  due to carbons  w i t h  an i n t e r v e n i n g  
c a r b o n  to n i t r o g e n .  The s i g n a l s  i n  t h e  second r e g i o n  a r e  due to  carbons  i n  the  s i x -  
membered r i n g  of t h e  i n d o l e s  and,  s i n c e  t h e  s h i e l d i n g  of  t h r e e  of  them can be 
e x p e c t e d  i n  t h i s  r e g i o n ,  this r e g i o n  is conges ted .  I n d o l e s ,  a t  l e a s t  those  f o r  which 
s h i e l d i n g  d a t a  are a v a i l a b l e , ( 8 )  d o  n o t  c o n t r i b u t e  t o  t h e  t h i r d  r e g i o n ,  and s i g n a l s  
i n  t h i s  r e g i o n  a r e  due t o  p h e n o l i c  compounds. The s h i e l d i n g  of one of the quaternary  
c a r b o n s  i n  i n d o l e s  f a l l s  i n  t h e  f i r s t  r e g i o n  and t h a t  of t h e  o t h e r  q u a t e r n a r y  carbon 
is  near  136.0 ppm. The spec t rum shown i n  F igure  5 was o b t a i n e d  with a s h o r t  pu lse  
d e l a y .  T h e r e f o r e ,  t h e  c o n t r i b u t i o n  to t h e  i n t e n s i t y  i n  t h e  f i r s t  r e g i o n  a s  w e l l  a s  
t h e  reg ion  around 136.0 ppm is margina l .  N e v e r t h e l e s s ,  the f i r s t  r e g i o n  has numerous 
s i g n a l s ,  and t h e y  a r e  indeed  from p r o t o n a t e d  carbon atoms of p h e n o l i c  compounds. 
Judging from the i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  carbon spec t rum,  p h e n o l i c  and the 
p y r r o l i c  compounds a r e  a p p r o x i m a t e l y  i n  e q u a l  amounts. 

I n  t h e  s a t u r a t e d  r e g i o n  of t h e  spec t rum,  a s t r o n g  s i g n a l  is observed a t  
14.0 ppm. This  s i g n a l  i s  due to  CH3 carbons ,  and p a r t  of i ts  i n t e n s i t y  could be due 
t o  t h e  CH3 carbon i n  2-methyl indole .  T h i s  is a r e a s o n a b l e  s t r u c t u r e  s i n c e  i n  t h e  
correspondj .7  f r a c t i o n  of HD, c a r b a z o l e  has  been recognized ,  and opening  up of an 
a r o m a t i c  rirhg could  r e s u l t  i n  a l k y l i n d o l e s  and p o s s i b l y  2-methyl indole .  r 

F r a c t i o n  4MD (23.7% of Middle D i s t i l l a t e )  

The carbon and the I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F igures  7 
and  8, r e s p e c t i v e l y .  The broad  a b s o r p t i o n  i n  t h e  3300 cm-’ r e g i o n  of t h e  I R  spectrum 
is  due to hydroxyl  s t r e t c h i n g  v i b r a t i o n .  The band maximum i s  a t  3320 cm-’  and it 
d r o p s  to t h e  pase l i n e  a t  a l m o s t  3600 cm-’.  The broad a b s o r p t i o n  is p r i m a r i l y  due to  
hydrogen-bonded phenol ic -hydroxyl  groups.  Bands due t o  N-H s t r e t c h i n g  v i b r a t i o n s  
a l s o  appear  i n  t h i s  r e g i o n  of  the spectrum. However, the carbon spectrum of t h i s  
f r a c t i o n  has  no a b s o r p t i o n  a round 110.0 o r  102.0 ppm, r u l i n g  o u t  a p p r e c i a b l e  amounts 
p y r r o l i c  n i t r o g e n .  T h e r e f o r e ,  p h e n o l i c  compounds a r e  the major c o n s t i t u e n t s  of t h i s  ’ 
f r a c t i o n .  

The a r o m a t i c  r e g i o n  is a g a i n  d i v i d e d  i n t o  a p p r o p r i a t e  r e g i o n s  to understand 
t h e  types  of p h e n o l i c  compounds, namely: ( 1 )  156.0-151.0 ppm; ( 2 )  140.0-139.0’PPm; 
(3) 130.0-127.0 ppm; ( 4 )  123.0-120.0 ppm; ( 5 )  117.2-115.9 ppm; and ( 6 )  114.0- 
111.0 ppm. The s h i e l d i n g  of C-2 (C-6) i n  phenol  is 115.4 ppm. However, i n  m-cresol 
r e l a t i v e  to  phenol ,  the s h i e l d i n g  of  C-2 is s h i f t e d  downf ie ld  by a b o u t  0.8 PPm; 
whereas ,  due to t h e  para s h i e l d i n g  e f f e c t  of t h e  CH3 group,  C-6 is s h i f t e d  u p f i e l d  t o  
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112.5 ppm. m-Cresol ,  3 ,5-dimethylphenoL (3,5-DMP), and s i m i l a r  S t r u c t u r e s  are 
r e s p o n s i b l e  f o r  t h e  s i x t h  r e g i o n .  The s i g n a l  a t  116.4 ppm c a n  a l s o  be a s s o c i a t e d  
With t h e s e  s t r u c t u r e s .  In  t h e  t w o  model compounds mentioned above,  t h e  s h i e l d i n g  o f  
carbon b e a r i n g  t h e  CH3 group i s  a t  139.3 and 139.0 ppm, r e s p e c t i v e l y ,  and indeed  two 
s i g n a l s  a t  139.8 and 139.5 ppm a r e  observed  i n  t h e  second r e g i o n .  The s h i e l d i n g  of 
CH3 c a r b o n s  i n  m-cresol ,  3,5-DMP, and p - c r e s o l  are n o t  p e r t u r b e d  by t h e  -OH group 
r e l a t i v e  t o  t h e  cor responding  CH3 c a r b o n s  i n  methylbenzenes.  The S i g n a l s  a t  21.2 and 
20.4 ppm s u g g e s t  phenols  w i t h  - C H ~  groups ,  one or t w o  c a r b o n s  away from t h e  carbon 
o e a r i n g  t h e  -OH group. ‘Fny f i r s t  r e g i o n  can be s u b d i v i d e d  i n t o  a S i n g l e t  a t  155.3 
and a group of s i g n a l s  from 154-153 ppm. The s h i e l d i n g  of C-OH carbon i n  phenol ,  
m-creso l ,  3 , 5 - t 1 ~ e  i s  155.0, 155.0 and 155.4 ppm, r e s p e c t i v e l y .  I n  o r t h o -  and p a r a -  
c r e s o l s ,  i n  2,6-DMP, i n  2- isopropylpheno1,  and i n  2 - s - b u t y l p h e n o 1 ,  t h e  s h i e l d i n g  
1s s h i f t e d  u p f i e l d  by a b o u t  -2.8 ppm. T h e r e f o r e ,  p a r t  of t h e  s i g n a l s  i n  t h e  f i r s t  
group s u g g e s t  t h e  presence  of t h e s e  compounds. The s h i e l d i n g  of  o t h e r  q u a t e r n a r y  
carbon atoms i n  0 - c r e s o l  and 2.6-DMP i s  a t  124.0 and  123.8 ppm, and s i g n a l s  w i t h  
reduced  i n t e n s i t y  are observed  n e a r  124.0 ppm. Most of t h e  i n t e n s i t i e s  i n  t h e  f i f t h  
r e g i o n  a r e  due to  t w o  s i g n a l s  a t  115.4 and 115.5 ppm. These s i g n a l s  a r e  due t o  C-2 
and C-6 p r o t o n a t e d  carbons  and a r e  a r i s i n g  from o r t h o -  and p a r a - c r e s o l s .  Other  
d i a g n o s t i c  s i g n a l s  i n  t h e  carbon spectrum a c e  t h o s e  n e a r  15.5 ppm. The s h i e l d i n g  of 
CH3 carbon i n  t h e  immediate v i c i n i t y  of t h e  OH group i s  s h i f t e d  u p f i e l d  r e l a t i v e  t o  
t h a t  of CH3 c a r b o n s  i n  t o l u e n e  or m-xylene. T h e r e f o r e ,  t h e s e  s i g n a l s  a r e  i n  a g r e e -  
ment w i t h  t h e  presence  of  2,6-DMP and o - c r e s o l .  S h i e l d i n g  of o t h e r  c a r b o n s  i n  t h e  
s t r u c t u r e s  mentioned above a r e  around 120.0 and 129.0 ppm, and r e s o n a n c e s  have been 
observed  i n  thes . -  r e g i o n s .  

Most of t h e  prominent  s i g n a l s  have been  a s s i g n e d  t o  s p e c i f i c  carbons  i n  
p h e n o l i c  compounds. However, t h e  unass igned  s i g n a l s  a round 146.3, 136.4, and 
28.7 ppm are conspicuous.  The s i g n a l  a t  28.7 ppm i s  i n t e n s e  and c o u l d  be due t o  CH3 
c a r b o n s  i n  2- t -butylphenol .  The s i g n a l  a t  136.4 ppm c o u l d  a l s o  be a s s o c i a t e d  wi th  
t h i s  s t r u c t u r e .  The s i g n a l s  around 146.3 ppm a r e  a s s i g n e d  t o  q u a t e r n a r y  c a r b o n s  i n  
d i p h e n o l s .  These ass ignments  a r e  t e n t a t i v e .  

The carbon spec t rum h a s  a s s i s t e d  i n  d e c i d i n g  t h e  l o c a t i o n  of methyl  groups  
r e l a t i v e  t o  t h e  OH group.  A d d i t i o n a l  proof  and Other  p e r t i n e n t  i n f o r m a t i o n  can  be 
d e r i v e d  from t h e  I R  spectrum. The C-C v i b r a t i o n  of an a r o m a t i c  r i n g  can  be d i v i d e d  
i n t o  1600 cm-’  and 1500 cm-’ v i b r a t i o n s .  The 1500 cm-’  r e g i o n  has  s e v e r a l  
components, depending on t h e  number of a l k y l  s u b s t i t u t i o n s .  More i m p o r t a n t l y ,  the 
1600 c m - ’  v i b r a t i o n  i s  l e s s  i n t e n s e  t h a n  t h e  1500 cm-’ v i b r a t i o n s .  However, with 
e l e c t r o n  donor  OK a c c e p t o r  groups ,  t h e  i n t e n s i t y  of t h e  former v i b r a t i o n  i s  enhanced 
due t o  t h e  d i p o l e  moment change provided  by d i f f e r e n t  groups .  The 1600 cm-’  band of 
t h i s  f r a c t i o n  i s  more i n t e n s e  compared t o  t h e  same band i n  t h e  spec t rum of 
f r a c t i o n  1 ,  due t o  t h e  O H  g r o u p  on t h e  a r o m a t i c  r i n g .  

The O H  deformat ion  and C-0 s t r e t c h  f r e q u e n c i e s  i n  t h e  c a s e  of p h e n o l s  a r e  
c l o s e  t o  each  o t h e r  and,  t h e r e f o r e ,  t h e y  a r e  s t r o n g l y  c o u p l e d . ( 5 )  They f a l l  above 
1100 cm-l and e x t e n d  u p  t o  1330 cm-’ .  A broad  a b s o r p t i o n  is  observed  i n  t h i s  reg ion  
due t o  t h e  r e s e n c e  of numerous phenols .  However, a w e l l  r e s o l v e d  s i g n a l  i s  observed 
a t  1156 c m -  which 1 s  p r o b a b l y  due t o  C-0 s t r e t c h  i n  a 3 - s u b s t i t u t e d  phenol .  P . .  

The s i g n a l s  i n  t h e  650-850 c m - ’  r e g i o n  a r e  due  t o  out -of -p lane  H v i b r a t i o n s  
and r i n g  bending  v i b r a t i o n s .  The band a t  696 cm-l h a s  been a s s i g n e d  t o  r i n g  pucker- 
i n g  mode and t h e  o t h e r  t h r e e  bands t o  out -of -p lane  C-H v i b r a t i o n s .  The s i g n a l  a t  
776 c m - ’  c a n  be a s s i g n e d  t o  a phenol  w i t h  t h r e e  a d j a c e n t  H atoms. I n  t h e  s t r u c t u r e s  
t h a t  have a l r e a d y  been c o n s i d e r e d ,  t w o  a d j a c e n t  H a toms and  a n  i s o l a t e d  H atom a r e  
p o s s i b l e .  The wagging v i b r a t i o n s  of t h e s e  hydrogen atoms a r e  r e s p o n s i b l e  f o r  t h e  
bands a t  856 ,  836, and 816 cm-’. 

I n  t h i s  f r a c t i o n  we have i d e n t i f i e d  cresols and x y l e n o l s  as major compon- 
e n t s .  A small p e r c e n t a g e  of phenol  c a n n o t  be r u l e d  o u t .  T h i s  f r a c t i o n  h a s  14% of 
p h e n o l i c  oxygen e s t i m a t e d  from t h e  c a r b o n  spectrum. Among phenols ,  c r e s o l s  and 
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x y l e n o l s  a r e  i n  e q u a l  amounts--40% and 48%, r e s p e c t i v e l y - - a n d  a b o u t  10% of phenol  
i t s c l f .  

F r a c t i o n  5MD (2.4% of  h i d d l e  D i s t i l l a t e )  

The carbon spec t rum of t h i s  f r a c t i o n  i s  shown i n  F igure  9. An unusual  
f e a t u r e  of t h e  carbon spec t rum,  i s  t h e  s i g n a l s  a t  156.0-159.0 ppm. The?e s i g n a l s  
a l o n q  w i t h  s i g n a l s  i n  t h e  152.0-146.0 ppm, an i s o l a t e d  s i g n a l  a t  136.7 ppm w i t h  
s a t e l l i t e s  i s  a s t r o n g  i n d i c a t i o n  t h a t  p y r i d i n e  and m e t h y l p y r i d i n e s  a r e  Present  i n  
t ? . i s  f r a c t i o n .  The c a r b o n  spec t rum a l s o  s u g g e s t s  t h e  p r e s e n c e  of carbon n u c l e i  i n  
t h e  v i c i n i t y  of t h e  O H  group. The s i g n a l s  a t  115.8 and 112.3 ppm a r e  d i a g n o s t i c  of , 
p h e n o l i c  compounds. F u r t h e r  u p f i e l d  t h e r e  a r e  prominent  s i g n a l s  a t  107.2, 107.0, 
103.1, 102.7 ppm. These a r e  p r o b a b l y  due t o  carbon n u c l e i  i n  t h e  complexes of  
p h e n o l i c  and b a s i c  n i t r o g e n  compounds. 

F r a c t i o n  1W (50 .7% of  Heavy D i s t i l l a t e )  

T h i s  f r a c t i o n ,  which i s  ye l low i n  c o l o r ,  t u r n s  c loudy on r e f r i g e r a t i o n ,  , 
s u g g e s t i n g  t h e  p r e s e n c e  of waxy m a t e r i a l s .  The carbon spectrum has  a p p r o p r i a t e  
s i g n a l s  to  s u b s t a n t i a t e  t h e  p r e s e n c e  of a l k a n e s .  NO a t t e m p t  was made t o  a s s i g n  t h e  
o t h e r  s i g n a l s  to s p e c i f i c  c a r b o n  n u c l e i .  However, t h e  spectrum h a s  two s i g n a l s  
around 111.5 ppm and a g r o u p  around 156.0 ppm which a r e  d i a g n o s t i c  of d ibenzofuran  
( D B F ) . ( l O )  S i n c e  more t h a n  one s i g n a l  h a s  been observed  i n  t h e s e  r e g i o n s ,  DBF and 
a l k y l  d e r i v a t i v e s  of DBF a r e  p o s s i b l e .  S u b j e c t  t o  t h i s  ass ignment ,  t h e  weight  
p e r c e n t  of oxygen i n  t h i s  f r a c t i o n  w a s  o b t a i n e d  from t h e  carbon spectrum ( 0 . 3 2 % )  
a g r e e i n g  f a i r l y  w e l l  w i t h  t h e  r e s u l t s  of e l e m e n t a l  a n a l y s i s  ( 0 . 5 4 % ) .  This  f r a c t i o n  
h a s  an e q u a l  amount of s u l f u r ,  t h a t  c o u l d  be p r e s e n t  a s  d ibenzoth iophene .  

F r a c t i o n  2HD ( 2 4 . 5 %  of Heavy D i s t i l l a t e )  

The carbon spec t rum of t h i s  f r a c t i o n  i s  shown i n  F i g u r e  10. Unlike t h e  
c a r b o n  spectrum of t h e  p r e v i o u s  f r a c t i o n ,  o n l y  a l i m i t e d  number of s i g n a l s  a r e  
o b s e r v e d ,  p a r t l y  due t o  t h e  h i g h  a r o m a t i c i t y  (92 .5%)  of t h e  f r a c t i o n .  S i g n a l s  a t  
131.9, 130.1, and 130.9 ppm a r e  due  t o  q u a t e r n a r y  carbons .  The former two have been 
a s s i g n e d  t o  phenanthrene  and t h e  l a t t e r  t o  pyrene.  The o t h e r  s i g n a l s  i n  t h e  spectrum 
s u p p o r t  t h e s e  s t r u c t u r e s .  Weak s i g n a l s  i n  t h e  spectrum a r e  due t o  hydroaromatic  
hydrocarbons d e r i v e d  from p h e n a n t h r e n e  and pyrene ,  

The s i g n a l  a t  131.9 and  130.9 ppm a r e  of e q u a l  i n t e n s i t y .  However, f o u r  
c a r b o n s  of pyrene  c o n t r i b u t e  t o  t h e  i n t e n s i t y  of t h e  l a t t e r  s i g n a l ;  whereas ,  two 
c a r b o n s  of phenanthrene  a r e  a t  131.9 ppm. T h e r e f o r e ,  phenanthrene i s  twice a s  
abundant  a s  pyrene  i n  t h i s  f r a c t i o n .  

The low f requency  r e g i o n  (900-700 cm-’) of t h e  I R  spectrum i s  i n  agreenent  
w i t h  t h e  carbon spectrum. Bands i n  t h i s  r e g i o n  a r i s e  from C-H wagging v i b r a t i o n .  
The v i b r a t i o n a l  f r e q u e n c i e s  of C-H bonds a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  long a x i s  of 
t h e  molecule  a r e  n e a r  7 4 0  cm-l, and t h o s e  of C-H bonds approximate ly  p e r p e n d i c u l a r  t o  
t h e  long  a x i s  a r e  n e a r  8 5 0  c ~ I I ” . ‘ ~ ~ )  A l s o  due t o  a n g u l a r  c o n d e n s a t i o n ,  a 
c h a r a c t e r i s t i c  band i s  o b s e r v e d  between t h e s e  t w o  r e g i o n s .  The bands a t  744 cm-l and 
736 cm-’ a r e  a s s i g n e d  t o  C-H bonds p a r a l l e l  t o  t h e  long  a x i s  i n  phenanthrene  and 
p y r e n e ,  and t h o s e  a t  860  cm-’ a n d  8 4 0  c m - ’  a r e  a s s i g n e d  t o  C H  bonds p e r p e n d i c u l a r  t o  
t h e  long  a x i s .  The band a t  8 1 0  cm-l which i s  c h a r a c t e r i s t i c  of C-H bending v i b r a t i o n  
i n  a n g u l a r  po lynuclear  a r o m a t i c  hydrocarbons  s u p p o r t s  t h e  t w o  s t r u c t u r e s  t h a t  we have 
s e l e c t e d  t o  a s s i g n  s i g n a l s  i n  t h e  c a r b o n  spectrum. 

F r a c t i o n  3HD (13 .2% of Heavy D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of  t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  1 1  
and 12,  r e s p e c t i v e l y .  The IR s p e c t r u m  h a s  a broad a b s o r p t i o n  a t  3300 c m - ’  and a 
nar rower  band a t  3410 cm-’, s u g g e s t i n g  t h a t  t h i s  is ana logous  i n  composi t ion  t o  
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f r a c t i o n  2MD; t h a t  i s ,  it h a s  a s t r u c t u r e  wi th  N-H l i n k a g e  and p h e n o l i c  compounds. 
The carbon Spectrum h a s  s i g n a l s  a t  110.6, 119.20, 120.22, 123.2, 125.7, and 
139.6 ppm. T h i s  
f r a c t i o n  is  very  a r o m a t i c  (93.1%) and ,  t h e r e f o r e ,  i t  i s  n o t  s u r p r i s i n g  t h a t  one of  
t h e  major components of t h i s  f r a c t i o n  i s  c a r b a z o l e .  The s i g n a l s  a t  139.6 and 
123.2 pprn appear  with reduced  i n t e n s i t y  because  t h e y  a r i s e  from q u a t e r n a r y  c a r b o n s .  

These match e x a c t l y  w i t h  t h e  r e s o n a n c e s  observed  f o r  c a r b a z o l e . ( l O )  

From t h e  i n t e n s i t y  of t h e  s i g n a l  a t  110.6 ppm, t h e  p e r c e n t a g e  of n i t r o g e n  
i S  2.3% compared t o  3.27% from t h e  e l e m e n t a l  a n a l y s i s ,  T h e r e f o r e ,  most Of t h e  
n i t r o g e n  i n  t h i s  E r a c t i o n  i s  accounted  f o r  hy c a r b a z o l e .  S i n g n a l s  n e a r  115.8 ppn and 
weak s h o u l d e r s  to s i g n a l s  at 110.6 ppm and 120.2 ppm s u g g e s t  t h e  p r e s e n c e  of hydroxy 
a r o m a t i c  Compounds. However, i n  t h e  absence  of s h i e l d i n g  d a t a  f o r  hydroxy a r o m a t i c  
compounds wi th  t h r e e  or more r i n g s ,  ass ignment  of t h e s e  s i g n a l s  t o  s p e c i f i c  carbon 
n u c l e i  h a s  n o t  been p o s s i b l ~ .  

F r a c t i o n  4HD (7 .8% of Heavy D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  13  
and 14, r e s p e c t i v e l y .  The a r o m a t i c i t y  of t h i s  f r a c t i o n  is  much l e s s  (61 .5%)  t h a n  
t h a t  of t h e  p r e v i o u s  f r a c t i o n s .  

The a r o m a t i c  r e g i o n  of t h e  spectrum i s  d i v i d e d  i n t o  f o u r  r e g i o n s :  
( 1 )  157.0-150.0 ppm; ( 2 )  147.0-132.0 ppm; ( 3 )  132.0-125.0 ppm; and ( 4 )  120.0- 
109.0 ppm. The f i r s t  r e g i o n  h a s  t h r e e  w e l l  d e f i n e d  s i g n a l s  a t  156.9, 156.2, and 
154.7 ppm. The broad a b s o r p t i o n  n e a r  3300 cm-’  and t h e  enhanced i n t e n s i t y  of 
1600 cm-’ r e l a t i v e  t o  t h e  1450 cm-’ band i n  t h e  I R  spec t rum i n d i c a t e  t h e  p r e s e n c e  of 
hydroxy a r o m a t i c  compounds. The s h i e l d i n g  of carbon-bear ing  O H  groups  i n  p h e n o l s  a r e  
i n  t h e  155-152 pprn r e g i o n ,  whereas  i n  n a p h t h o l s  and 9-hydroxyphenanthro l ,  t h e  
s h i e l d i n g  of t h e  c o r r e s p o n d i n g  carbon i s  s h i f t e d  u p f i e l d  t o  153.0-151.0 ppm i n  
cKl3 .  If t h i s  t r e n d  s h o u l d  c o n t i n u e ,  t h e  carbon j e c t r u m ,  f o r  example,  of hydroxy- 
benzanthracene ,  should  have a s i g n a l  n e a r  151.0 ppm. T h e r e f o r e ,  s i g n a l s  around 
156.0 ppm a r e  somewhat s u r p r i s i n g .  T h i s  f r a c t i o n  h a s  1 .3% n i t r o g e n ,  and i f  t h i s  
n i t r o g e n  is p r e s e n t  a s  b a s i c  n i t r o g e n ,  hydroxy b a s i c  n i t r o g e n  h e t e r o c y c l i c s ,  l i k e  
hydroxypyr id ines ,  have c a r b o n s  w i t h  s h i e l d i n g s  n e a r  156.0 ppm. T h i s  p o s s i b i l i t y  i s  
u n l i k e l y  s i n c e  hydroxypyr id ines  and 8-hydroxyquinol ine do n o t  have c a r b o n s  w i t h  
chemica l  s h i f t s  n e a r  114.3 ppm. T h e r e f o r e ,  t h e  n i t r o g e n  i s  p r e s e n t  a s  p y r r o l i c  
n i t r o g e n ,  a l t h o u g h  t h e r e  a r e  no pronounced ev idences  b o t h  i n  t h e  c a r b o n  and t h e  I R  
s p e c t r u m  f o r  t h e  N-H l i n k a g e .  

The I R  spec t rum h a s  t w o  w e l l  d e f i n e d  s i g n a l s  a t  730 cm-’ and 905  cm-’  which 
a r e  c h a r a c t e r i s t i c  of C-H waggii ; v i b r a t i o n  i n  p o l y n u c l e a r  a r o m a t i c  hydrocarbons  with 
f o u r  o r  more condensed r i n g s .  The 730 cm-’  i s  a s i n g l e t ,  e x c e p t  f o r  a weak s h o u l d e r  
su  g e s t i n g  t h a t  PNAs a r e  s p a r s e l y  s u b s t i t u t e d .  T h e r e f o r e ,  t h e  major  p o r t i o n  of the 
sp’ c a r b o n s  a r e  i n  t h e  hydroaromat ic  r i n g s ,  and t h e  hydroaromat ic  s t r u c t u r e s  account  
f o r  t h e  group of s i g n a l s  i n  t h e  second r e g i o n .  The s i g n a l s  i n  t h e  t h i r d  and the  
f o u r t h  r e g i o n  a r i s e  from c a r b o n s  w e l l  removed from t h e  O H  g r o u p  and t h o s e  i n  t h e  
immediate v i c i n i t y  of t h e  OH group,  r e s p e c t i v e l y .  

These o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  hydroxyaromat ic  compounds i n  t h i s  
f r a c t i o n  have p a r t i a l l y  hydrogenated t h r e e  or more condensed r i n g s .  I t  is  l i k e l y  
t h a t  i n  such s t r u c t u r e s  t h e  s h i e l d i n g  of a r o m a t i c  carbon b e a r i n g  t h e  O H  group i s  near  
156.0 ppm and n o t  a t  151.0 ppm a s  i n  9-phenanthrol .  

SUMMARY 

The r e s u l t s  p r e s e n t e d  h e r e  amply d e m o n s t r a t e  t h a t  t h e  combined r e s u l t s  
of  13C NMR and  FTIR s p e c t r o s c o p y  can  p r o v i d e  a weal th  of i n f o r m a t i o n  n o t  o n l y  a b o u t  
t h e  f u n c t i o n a l  groups  i n  c o a l  l i q u i d s ,  b u t  a l s o  d e t a i l s  r e g a r d i n q  t h e  s t r u c t u r e  of 
moelcules  c a r r y i n g  t h e s e  groups .  
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The f i r s t  t w o  f r a c t i o n s  of SESC a r e  homogeneous; they  c o n t a i n  nonpolar  
a r o m a t i c  compounds. Inc luded  i n  t h i s  c a t e g o r y  a r e  t h e  d i a r y 1  e t h e r s ,  benzofurans,  
and benzoth iophenes .  The r e s t  of t h e  f r a c t i o n s  a r e  he te rogeneous .  A l l  of them t o  a 
g r e a t e r  or lesser e x t e n t  c o n t a i n  hydroxyaromat ic  compounds. Hoxever, f r a c t i o n  3 i s  , 
h i g h l y  homogeneous, c o n t a i n i n g  main ly  p h e n o l i c  compounds. The p r e s e n c e  of phenol ic  
compounds d o e s  n o t  i n t e r f e r e  w i t h  t h e  i d e n t i f i c a t i o n  of o t h e r  f u n c t i o n a l  groups i n  
f r a c t i o n s  3 and 5 due t o :  ( 1 )  t h e i r  l o w  c o n c e n t r a t :  m and ( 2 )  h igh  r e s o l u t i o n  of 
a b s o r p t i o n s  i n  t h e  13C NMR spec t rum.  
a c c o r d i n g  t o  t h e  carbon and I R  s p e c t r o s c o p i c  r e s u l t s  a r e  summarized i n  Table  2. 

The t y p e  of f u n c t i o n a l  groups  i n  e a c h  f r a c t i o n ,  , 
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Table  1 

FRACTIONS OF MIDDLE AN0 HEAVY DISTILLATE OF 
COAL LIQUID AND ELEMENTAL ANALYSIS OF HO 

F r a c t i o n  E l u e n t  W t %  of  MD 

1 Hexane 50.5 
2 k x a n e  + B e n z e n e ( l 5 % )  3.0 
3 Chloroform 8.7 
4 Chloroform + E t h e r ( 4 % )  23.7 
5 E t h e r  + E t O H ( 3 % )  2.4 

L o s s e s  ( V o l a t i l e s )  11.7 
100.0 

1 
2 
3 
4 
5 

Losses 

F r a c t i o n  

1 and 2 

3 

4 

5 

W t %  of HD 

50.7 90.60 
24.5 92.18 
13.2 81.92 

7.8 82.25 
2.9 

H 

8.11 
5.91 
7.16 
7.40 

- S - N - 0 - 
0.54 0.00 0.54 
0.31 0.10 0.47 
3.69 3.27 0.23 
5.54 2.03 0.12 

0.9 
100.0 

Table  2 

TYPES OF COMPOUNDS I N  THE FRACTIONS OF MD AND HD 

Type of Compounds 

Nonpolar  a r o m a t i c s ,  d i a r y 1  e t h e r s ,  
b e n z o f u r a n s ,  and benzoth iophenes .  

Mainly n o n b a s i c  N compounds; hydroxy 
aroma t i c  compounds. 

Hydroxy a r o m a t i c  compounds. 

B a s i c  N compounds; hydroxy a r o m a t i c  
compounds. 
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